Arthropods vary more than 30-fold in segment number. The evolutionary origins of di¡erences in segment number among species must ultimately lie in intraspeci¢c variation. Yet paradoxically, in most groups of arthropods, the number of segments is ¢xed for each species and shows no intra-or interpopulation variation at all. Geophilomorph centipedes are an exception to this general rule, and exhibit intraspeci¢c variation in segment number, with di¡erences between individuals being determined during embryonic development and hence independent of population age structure. Signi¢cant di¡erences in segment number between di¡erent geographical populations of the same species have been previously reported, but insu¤cient sampling has been conducted to reveal any particular geographical pattern. Here, we reveal a latitudinal cline in segment number in the geophilomorph species Strigamia maritima: segment number in British populations decreases with distance north. This is the ¢rst such cline to be reported for any centipede species; indeed as far as we are aware it is the ¢rst such cline reported for any arthropod species. In vertebrates, ¢sh are known to exhibit a latitudinal cline in segment number, but interestingly, this is in the opposite direction; ¢sh add segments with increasing latitude, centipedes subtract them.
INTRODUCTION
Segmentation is a key feature of the arthropod body plan, and changes in the number of segments have been major contributors to the adaptive divergence of this group. Overall, arthropods vary enormously in this character, from those with less than ten segments, for example branchiuran crustaceans, to millipedes with more than 350öproviding that, in the latter case, each diplosegment' is interpreted as two segments. However, the evolutionary origins of these interspeci¢c di¡erences are poorly understood. Like any other interspeci¢c di¡erences, they must ultimately arise from intraspeci¢c variation. Yet in the case of segment number, such variation is di¤cult to study because of its rarity.
Most arthropods, including all 2000 or so species of Drosophila, are invariant in their number of segments, except for inviable mutants produced in the laboratory (NÏsslein-Volhard & Wieschaus 1980) , and thus cannot provide a basis for study. Some arthropod groups are variable, but with most of the variation being related to ageöthat is, segment number increases with growth and post-embryonic development, as is the case in some centipede groups (lithobiomorphs, scutigeromorphs), all millipedes (Engho¡ et al. 1993) , and in the (extinct) trilobites (Hughes et al. 1999) . However, the centipede order Geophilomorpha, which includes about 1000 species, is characterized by intraspeci¢c variation that is not agerelated. Rather, it appears to represent a mixture of sexual dimorphism, variation between genotypes, and phenotypic plasticity. This group thus provides an excellent opportunity to investigate the intraspeci¢c variation in segment number that contributes to speciation events (Arthur 1999) . The group may even shed some light on the major divergences in segment number that contributed to the ancient origins of the various arthropod body plans.
However, caution is necessary here as the Geophilomorpha is a highly derived group of centipedes (Dohle 1985; Shear & Bonamo 1988; Borucki 1996; Giribet et al. 1999) . Intraspeci¢c variation in segment number within the group is thus not a surviving remnant of the variation that must have existed in some stem-group arthropods; rather, it is the result of a subsequent, convergent origin of segmentnumber variation. Nevertheless, the two systems may have much in common, and, in some respects at least, one can act as a model for the other.
Previous work on intraspeci¢c variation in geophilomorphs, reviewed by Minelli & Bortoletto (1988) , has produced the following results. Apart from the family Mecistocephalidae, which may represent a phylogenetic outgroup to the rest of the order (Foddai 1998) , all species exhibit variation in the number of trunk (i.e. legbearing) segments. Except for a single mutant specimen of a single species (Kettle et al. 1999) , only odd numbers of trunk segments are found (ranging between 27 and 191 overall), which is perhaps an indication of an unusual form of developmental constraint (Arthur & Farrow 1999) . Each species has a characteristic range of segment numbers, with the amount of intraspeci¢c variation ranging from § 2 segments to more than § 40 segments. There is sexual dimorphism, with females having a higher mean segment number than males. Di¡erent species within the same genus often have di¡erent, sometimes even non-overlapping, ranges, indicating the involvement of segment number shifts in speciation. Such shifts are most likely to originate in interpopulation variation, possibly of an adaptive nature, within a parental species which later fragments into two or more daughter species.
Signi¢cant interpopulation variation is known to exist in several geophilomorph species. However, until now there has been no strong evidence of any particular geographical pattern to the variation, partly as a result of limited sample sizes and/or small numbers of samples.
For example, Strigamia maritima was found to vary in an unpredictable way among just four localities (Lewis 1962) . And Geophilus carpophagus was considered to have more segments in populations living in urban or domestic habitats (Eason 1979 )öa possible`heat island' e¡ectöbut the evidence was weak because the overall sample size for these habitats was a mere ¢ve centipedes. Given the dearth of information on geographical pattern, and hence possible adaptive signi¢cance, we embarked on a sampling programme designed to test for a latitudinal cline in segment number in S. maritima. Eason (1979) suggested that such clines might exist on the minimal evidence of a comparison of one northern and one southern sample of the species Pachymerium ferrugineum. As will become clear, this was an inspired guess.
We did indeed ¢nd a cline, with the direction of change being fewer segments with increasing distance north (see ½ 3). This represents the ¢rst clear evidence of a link between intraspeci¢c variation in segment number and latitude in any centipede species, and, we believe, in any arthropod. Some branchiopod crustaceans exhibit intraspeci¢c variation in segment number, but show no evidence of a latitudinal trend (Sassaman et al. 1997) , while some juliform millipedes show complex patterns of variation, apparently including altitudinal, but not latitudinal, e¡ects (see review by Engho¡ et al. 1993) . Here, we report our ¢nding of a latitudinal cline, discuss its embryological and genetic origins, comment on its evolutionary signi¢-cance, and point out an interesting contrast with data on intraspeci¢c variation in somite number in vertebrates.
MATERIAL AND METHODS
The species on which this work was based is S. maritima (Leach). This has the advantages of (i) high local population densities, (ii) previous studies indicating the presence of variation (Lewis 1962; Horneland & Meidell 1986) , (iii) clear-cut sexual dimorphism in characters other than segment number, and (iv) being restricted to a coastal habitat, thus simplifying the pattern of geographical variation and allowing an approximately linear north^south series of samples to be taken.
S. maritima is found in coastal habitats where the substrate is either shingle beaches or muddy cli¡s. It is absent from sandy beaches and rocky shores. Its populations are thus widely separated, and migration between them is likely to be very limited. A series of ten sample sites were chosen along the east coast of Great Britain (see ¢gure 1) from Su¡olk (south-east England) to John O'Groats (north-east Scotland), a north^south distance of some 700 km and spanning latitudes from 52.017 to 58.6428 N. Choice of sites was governed by two factors: (i) approximately equal intersite distances, as far as substrate availability would allow, and (ii) a similar degree of exposure at all sites, to avoid the introduction of a confounding variable; so sites within estuaries, for example, were excluded. The aim, thus, was that the main variable separating sites was latitude, with its associated variable of mean temperature. However, we added a further three sites in close proximity to two of the main series of ten (at Holy Island and Whitburn, see table 1), to investigate the possibility of signi¢cant small-scale local variation.
Samples were collected at each site by searching the appropriate zone (around the high tide level) and removing a sample (depending on availability) of between 39 and 254 animals. These were brought back to the laboratory for sexing, measuring (body length) and segment counts. Because development in S. maritima is`epimorphic', with no post-embryonic addition of segments (Horneland & Meidell 1986 ; see ½½ 3 and 4 for further discussion), all ages are directly comparable in segment number. Variation in population age-structure from place to place is thus not a contributory factor to any interpopulation di¡erences found.
RESULTS
The overall ranges of segment numbers were 45^49 (males) and 47^53 (females); the modal numbers were in most cases 47 (males) and 49 (females), but some samples deviated from this as can be seen from table 1. The overall place-to-place variation is very highly signi¢cant in both sexes (males, w 2ˆ1 80.1, p 5 0.001; females, w 2ˆ3 06.5, p 5 0.001). Most of this variation is the result of a latitudinal cline, with the mean segment number of a population increasing from north to south (¢gure 2). This trend is highly signi¢cant, as revealed by both parametric and non-parametric tests. There are insu¤cient`replicate populations'at any given latitude to determine whether the variable`mean segment number' would be normally distributed. Consequently, we performed both types of correlation; also a linear regression. The results were as follows. Males: rˆ7 0.877, p 5 0.001; r sˆ7 0.868, p 5 0.001; bˆ7 0.289, tˆ6.051, p 5 0.001; females: rˆ7 0.818, p 5 0.001; r sˆ7 0.857, p 5 0.001; bˆ7 0.292, tˆ4.725, p 5 0.001. The proportion of the variation explained by the trend is given by r 2 , which is 0.77 in males and 0.67 in females. Clearly, this is very strong evidence for the existence of a latitudinal cline in segment number in this species.
As noted above, the observed cline in segment number cannot be due to di¡erences in population age structure, because the number of segments is ¢xed prior to hatching and does not increase during post-embryonic growth. (This is now well established for S. maritima. It is probably also true of all geophilomorph species, but this is less certain: see ½ 4.) However, there is another question to be addressed about the relationship between size and segment number: Do individuals with more segments achieve, on average, a greater adult length? To answer this question, we compared body length distributions among the four main phenotypes (male 47, male 49, female 49, female 51) in additional samples taken from the population at Whitburn (see ¢gure 3). The two male phenotypes are not signi¢cantly di¡erent in their length distributions (tˆ0.71, n.s.), nor are the two female phenotypes (tˆ1.21, n.s.). In contrast, males and females with the same segment number do di¡er signi¢cantly in length (tˆ2.85, p 5 0.01). Thus females, on average, are bigger and have more segments than males, but these two sexual dimorphisms are independent of each other.
DISCUSSION
While the evidence for a latitudinal cline in segment number is very clear, its interpretation is not straightforward. In general, interpopulation variation in segment number in geophilomorphs may be attributed to (i) selectively driven local adaptation, (ii) stochastic processes, notably the founder e¡ect (Lewis & Kime 1988), (iii) phenotypic plasticity (Eason 1979) , and, given the general lack of knowledge of this group, (iv) the occurrence of as yet unrecognized`cryptic species' (Lewis 1985) . In the present case, two of these four explanations can probably be ruled out. The systematic nature of the trend renders stochastic processes an unlikely cause. And while some geophilomorph`species' may yet turn out to be pairs or groups of congeners, S. maritima is one of the best-studied species in this group (Lewis 1961 (Lewis , 1962 Horneland & Meidell 1986) , and is almost certainly a single,`good' biological species. Thus the cline is caused by climatic selection, climatically based phenotypic plasticity, or a mixture of the two. At this point, it is necessary to enquire into what is known of the genetic and embryological origins of di¡erences in geophilomorph segment number.
(a) Embryological and genetic origins
The classic work on centipede embryology (Heymons 1901) focused on scolopendromorphs (the cladistic sister group to geophilomorphs), and showed that these reached their adult segment number during early embryogenesis, with no subsequent terminal additions. Although no equivalent study has been carried out in geophilomorphs, the same appears to be true of this group. We have recently observed embryos inside eggs that were dechorionated about halfway through their incubation period of approximately one month. These embryos appeared to be fully segmented in that counts of lateral limb anlagen revealed numbers of about the right orderöthe high 40s or low 50s. However, given the nature of the material, these counts are liable to a degree of error, and at any rate they cannot be related to the individual adults that would have resulted, had the eggs not been de-chorionated and ¢xed. This leaves open the possibility of a small post-embryonic increase in segment number, which has indeed been suggested for some other geophilomorph species (Archey 1936; Misioch 1978) . However, the evidence for such putative increases was weak; and in the case of S. maritima there is much stronger evidence, based on very large sample sizes, that no such increase occurs (Horneland & Meidell 1986) .
Of course, an early embryonic origin does not in itself imply total heritability. However, on the basis of a comparison of the segment numbers of mothers and their o¡spring, it has been argued (Prunescu & Capuse 1971) that heritability is indeed total, because the pattern found was that all female o¡spring had a segment number identical to that of their mother (and all male o¡spring exactly two segments less). We are uncomfortable with the idea that this is a general pattern in geophilomorphs, because we have recently found exceptions to it in two species (a Geophilus carpophagus mother with 49 segments producing a female o¡spring with 51 segments, and a Necrophloeophagus £avus mother, also with 49 segments, producing three o¡spring of indeterminate sex with 45 segments). We are also uncomfortable with the conclusion of total heritability, because it is hard to devise a genetic model that will produce the pattern observed by Prunescu & Capuse (1971) , even by invoking maternal-e¡ect genes. Until good breeding data are available the question of heritability remains open, but perhaps the most plausible overall hypothesis is that there is a large heritable component but probably also an element of phenotypic plasticity. It would certainly be unwise to rule out the latter at this stage, especially given the existence of such plasticity in the determination of segment number in vertebrates (see ½ 4(c)). Investigations of heritability and plasticity are high on our agenda for future work.
(b) Evolutionary interpretation
Given the above considerations, we favour an interpretation of the cline that is based on climatic selection and local adaptation. However, since there is likely to be an element of phenotypic plasticity, the selection is best considered as acting on reaction norms, as is known to occur in some other systems (Brake¢eld et al. 1996) , rather than on genetically`hard-wired' phenotypes. Also, it is not yet clear why lower segment numbers should be advantageous at higher latitudes, or why this pattern is the reverse of what is found in ¢sh.
(c) Phylogenetic comparisons
The three major phyla characterized by segmented body plans are Annelida, Arthropoda and Chordata. Despite the existence of some parallels in the expression patterns of developmental genes such as engrailed ) between chordates and arthropods, it is still unclear whether, at the morphological level, the three systems of segmentation are homologous, because various scenarios involving repeated co-option of genes for similar roles can be imagined (Abouheif et al. 1997; . Given this uncertainty, it is of interest to compare our ¢nding of a latitudinal cline in centipedes with data on the other groups. As far as we are aware, there are no comparable data on other arthropods or on any annelids. However, there is a sizeable literature on segment number variation in vertebratesöespecially in ¢shes (reviewed by Lindsey 1988) . The overall pattern of variation includes a pronounced latitudinal cline that persists even when variation in body size is statistically factored out. However, interestingly, the cline is in the opposite direction to our centipede example, with segment number increasing with distance north. This phenotypic variation appears to have both genetic and environmental contributions, though a recent experimental study of sticklebacks (Ahn & Gibson 1999) revealed that the genetic component of variation in segment number was much the larger of the two.
The existence of clines in opposite directions in ¢sh and centipedes is fascinating, but the reasons for the contrast are not readily apparent. The best way forward to an improved understanding is through further studies of the heritability and plasticity of segment number in both groups, including determination of the genes involved. These are still very poorly known in centipedes, although some recent studies (Grenier et al. 1997; Smith 1998) have provided partial sequences of the engrailed gene, and we now have a partial sequence of this gene for S. maritima. Future work will include studies of the expression patterns of this and other segmentation genes, with a view to understanding the causality of segment number di¡erences at the molecular level.
